Electrospray ionization mass spectrometry (ESI-MS), circular dichroism (CD), nuclear magnetic resonance (NMR) spectroscopy, flow dialysis, and bioactivity measurements were employed to investigate the roles of the C-terminal residues of calmodulin (CaM). In the present study, we prepared a series of truncated mutants of chicken CaM that lack four (CCMΔ4) to eight (CCMΔ8) residues at the C-terminal end. It was found that CCMΔ4, lacking the last four residues (M145 to K148), binds four Ca 2+ ions. Further deletion gradually decreased the ability to bind the fourth Ca 2+ ion, and CCMΔ8 completely lost the ability. Interestingly, both lobes of Ca 2+ -sturated CCMΔ5 showed instability in the conformation, although limited part in the C-lobe of Ca 2+ -saturated CCMΔ4 was instable. Moreover, unlike CCMΔ4, structure of the C-lobe in CCMΔ5 bound to the target displayed dissimilarity to that of CaM, suggesting that deletion of M144 changes the binding manner. Deletion of the last five residues (M144 to K148) and further truncation of the C-terminal region decreased apparent capacity for target activation. Little contribution of the last four residues including M145 was observed for structural stability, Ca 2+ -binding, and target activation. Although both M144 and M145 have been recognized as key residues for the function, the present data suggest that M144 is a more important residue to attain Ca 2+ induced conformational change and to form a proper Ca 2+ -saturated conformation.
Electrospray ionization mass spectrometry (ESI-MS), circular dichroism (CD), nuclear magnetic resonance (NMR) spectroscopy, flow dialysis, and bioactivity measurements were employed to investigate the roles of the C-terminal residues of calmodulin (CaM). In the present study, we prepared a series of truncated mutants of chicken CaM that lack four (CCMΔ4) to eight (CCMΔ8) residues at the C-terminal end. It was found that CCMΔ4, lacking the last four residues (M145 to K148), binds four Ca 2+ ions. Further deletion gradually decreased the ability to bind the fourth Ca 2+ ion, and CCMΔ8 completely lost the ability. Interestingly, both lobes of Ca 2+ -sturated CCMΔ5 showed instability in the conformation, although limited part in the C-lobe of Ca 2+ -saturated CCMΔ4 was instable. Moreover, unlike CCMΔ4, structure of the C-lobe in CCMΔ5 bound to the target displayed dissimilarity to that of CaM, suggesting that deletion of M144 changes the binding manner. Deletion of the last five residues (M144 to K148) and further truncation of the C-terminal region decreased apparent capacity for target activation. Little contribution of the last four residues including M145 was observed for structural stability, Ca 2+ -binding, and target activation. Although both M144 and M145 have been recognized as key residues for the function, the present data suggest that M144 is a more important residue to attain Ca 2+ induced conformational change and to form a proper Ca 2+ -saturated conformation.
Key words: truncation, activity, CD, ESI-MS, NMR Calmodulin (CaM) is a widely distributed small acidic Ca
2+
-binding protein composed of 148 amino acid residues, and is a ubiquitous signal transducer connecting cell stimuli to specific biological functions. When the intracellular Ca ions. Ca
-saturated CaM can then bind to and activate various enzymes. More than 100 different CaM target enzymes have been identified. Therefore, CaM is recognized as a regulator of a variety of cellular functions, such as neurotransmitter release and smooth muscle contraction [1] [2] [3] . The three-dimensional structure of CaM is well characterized. X-ray crystallographic study has shown that CaM has a dumbbell-like structure in which the two globular domains are connected by a long α-helix 4 . Nuclear magnetic resonance (NMR) studies suggest that the middle part of the α-helical linker is somewhat disordered and flexible 5 .
Each domain of CaM contains two Ca
2+ -binding sites with a helix-loop-helix structure, the so-called EF hand motifs. These four Ca 2+ binding sites are numbered EF1-4, starting from the N-terminus. The C-lobe EF3 and EF4 sites exhibit higher affinity for Ca
2+
, whereas N-lobe EF1 and EF2 exhibit lower Ca 2+ -affinity 6 . Binding of Ca 2+ to CaM induces a conformational change that exposes the hydrophobic residues responsible for target binding to the molecular surface [7] [8] [9] [10] . The CaM binding regions of many target enzymes have been identified and characterized. Normally, the CaM binding sites are composed of a continuous stretch of approximately 20-30 amino acid residues 3 . The CaM-binding domain peptides usually form amphiphilic α-helices, and their binding to Ca 2+ -saturated CaM occurs in a one-to-one stoichiometric ratio 11 . The typical classical structure of a complex between Ca
-saturated CaM and the target peptide is the wrap-around model 7, 8 : the two lobes of Ca 2+ -saturated CaM become close by bending the flexible part at the middle of the linker and wrap around the target peptide forming an α-helical structure. In this complex, both lobes of Ca 2+ -saturated CaM bind to the target via the hydrophobic residues exposed on the molecular surface.
CaM is widely distributed in eukaryotes and its amino acid sequences are highly conserved; the only exception identified to date is Saccharomyces cerevisiae CaM (yCaM). The sequence homology between yCaM and the CaMs of other species is approximately 60%. The differences are concentrated in the EF4 site of yCaM: two residues are missing and 15 residues are substituted compared to EF4 of chicken CaM [12] [13] [14] . Because of such dissimilarity, the EF4 of yCaM does not bind Ca 2+ . However, it has been reported that the EF4 F-helix of yCaM is essential for target activation [13] [14] [15] [16] . Thus, it remains unclear how the C-terminal residues of CaM contribute to its structure and function. In this study, we investigated the roles of the C-terminal residues of CaM by using a series of deletion mutants of intact chicken CaM (CCM0); for example, CCMΔ4 is lacking the four C-terminal residues of CCM0 (Fig. 1) . We measured their capacity to bind Ca 2+ by mass spectrometry (MS) and flow-dialysis. Circular dichroism (CD) was employed to monitor the Ca 2+ -induced conformational change. In addition, we obtained various NMR data to discuss their structural characteristics in the absence and presence of Ca 2+ and/or target. Their biological activities for calcineurin (CN) were also examined.
Materials and Methods

Samples
The DNA fragments encoding CaM and its variants were inserted into the pET30b(+) plasmid. Recombinant chicken CaM and its deletion mutants were expressed in Escherichia coli BL21.
Unlabeled CaM and its variants were expressed and purified as reported previously 17 . Uniform 15 N-labeled CaM and its variants were expressed in E. coli grown in M9 medium containing 15 NH 4 Cl as the sole source of nitrogen. To enhance cell growth and protein production, 1 g/L ISOGRO (ISOTEC Co.) was added to the culture medium. Selectively labeled-[
13 C]-methyl-Met CaM and its variants were obtained as follows. For protein expression, E. coli was cultured in unlabeled M9 medium until the optical density (OD) at 600 nm (A 600 ) reached 0.3. Subsequently, an amino acid mixture of Tyr, Phe, Leu, Ile, Val, and [
13
C]-methyl-Met (100 mg each per liter of culture medium) was added to the medium. Protein production was induced by adding isopropyl β-D-1-thiogalactopyranoside (IPTG) to the medium at A 600 of 0.7. The bacteria were harvested after shaking for 4 h at 37°C. Purification of proteins for NMR was performed by using previously reported methods 17, 18 . Calcineurin (CN) was extracted from scallop testes by using buffer A (20 mM imidazole-HCl [pH 7.0], 1 mM (ethylenedioxy)diethylenedinitrilotetraacetic acid [EGTA], 2 mM MgCl 2 , 50 mM NaCl, 14 mM 2-mercaptoethanol, 0.1 mM diisopropylfluorophosphate, 0.1 mM phenylmethylsulfonyl fluoride, 1 mM benzamidine) and fractionated using ammonium sulfate at 35-55% saturation. The precipitate was homogenized, adjusted to 30% saturation with ammo- nium sulfate in buffer B (20 mM imidazole-HCl [pH 7.0], 1 mM EGTA, 2 mM MgCl 2 , 14 mM 2-mercaptoethanol), and applied to a TOYOPEARL Phenyl-650M column (Tosoh). The column was washed with buffer B containing ammonium sulfate at 30% saturation, and eluted with buffer B containing ammonium sulfate at 15% saturation. The concentration of CaCl 2 in the eluate was adjusted to 5 mM, and this eluate was applied to a CaM-Sepharose CL-4B column equilibrated with buffer C 1 (buffer C [20 mM Tris-HCl, 2 mM MgCl 2 , 14 mM 2-mercaptoethanol, pH 8.0] containing 80 mM NaCl and 5 mM CaCl 2 ), and then buffer C 2 (buffer C containing 500 mM NaCl and 0.2 mM CaCl 2 ). The column was first washed with buffer C 2 and then with buffer C 3 (buffer C containing 80 mM NaCl and 0.2 mM CaCl 2 ). It was finally eluted using buffer C 4 (buffer C containing 80 mM NaCl and 1 mM EGTA). The eluate was applied to a Cellufine A-500-m (Chisso) column equilibrated with buffer C 4 . The column was washed with buffer C 4 and developed using a linear gradient of 80-300 mM NaCl. The fractions that had CN phosphatase activity were collected and dialyzed against buffer D (buffer C containing 80 mM NaCl, 1 mM EGTA, and 50% glycerol), and stored at −20°C.
For the NMR studies, we employed a chemically synthesized 26-residue peptide, purchased from a company (invitrogen), encompassing the CaM-binding region of skeletal muscle myosin light-chain kinase (skMLCK), i.e., skMLCKp (KRRWKKNFIAVSAANRFKKISSSGAL) 3 .
Liquid chromatography-mass spectrometry (LC-MS) LC-MS experiments were employed to clarify the number of Ca 2+ ions bound to CaM and its variants. LC-MS analyses were performed in a negative-ion mode by using an electrospray ionization (ESI)-orbitrap mass spectrometer (Exactive, Thermo Fisher Scientific) combined with HPLC (ACCELA, Thermo Fisher Scientific). The LC experiments were carried out with an Inertsil ODS-SP column (2.1× 150 mm, 3 μm; GL Science). Concentration of all samples was adjusted as 30 μM. Binary mobile phases A (10 mM ammonium acetate and 10 μM calcium acetate aqueous at pH 6.6) and B (97% methanol aqueous with 10 mM ammonium acetate and 10 μM calcium acetate at pH 7.6) were used at a flow rate of 0.2 mL/min, and the gradient was controlled as follows: from 0% B (0-1 min) to 100% B (1-11 min), held at 100% B (11-17 min).
Ca
2+ -binding assay Ca 2+ binding to the samples was measured by flow dialysis using a previously reported method 19, 20 with a buffer containing 0.1 M NaCl and 20 mM 3-(N-morpholino)propanesulfonic acid (MOPS)-NaOH (pH 7.0). For each sample, we tried the measurements at high and low (120 and 20 μM) concentrations. The experiments were performed at 25°C. Results were analyzed by fitting to Adair's equation using GraphPad Prism (GraphPad Software, San Diego). The results were fitted to a four-site model [1] , except for the result for CCMΔ8, which was fitted to a three-site model [2] .
Where y is the moles of bound Ca 2+ , x is the concentration of free Ca
2+
, and K 1 -K 4 are the macroscopic dissociation constants.
CD experiments
CD spectra were recorded at 250-200 nm by using a JASCO 500A spectropolarimeter with a 1-mm optical path length quartz cell. The CD measurements were performed at 25°C with 0.2 mg/mL purified protein dissolved in a buffer containing 20 mM Tris-HCl (pH 8.0), and 1 mM CaCl 2 or EGTA.
NMR experiments
Protein samples for NMR were dissolved in 20 mM phosphate buffer containing 100 mM KCl and 10 mM CaCl 2 or ethylenediaminetetraacetic acid (EDTA). The sample concentration was about 0. 6 113 Cd-NMR data were obtained using a Bruker AVANCE III 500 spectrometer with a broadbandobserve (BBO) probe. All free induction decay (FID) data were processed and displayed using NMRPipe 21 .
Biological activity
The activity of the CaM-target, CN, was measured in the presence of CaM and its variants. The buffer components were as follows: 100 mM Tris-HCl (pH 8.5), 100 mM NaCl, 10 mM MgCl 2 , 0.4 mM CaCl 2 , 7 mM 2-mercaptoethanol, 0.2 mg/mL bovine serum albumin (BSA), 5 mM pnitrophenylphosphate (pNPP), and 5 nM scallop CN. All the experiments were performed at 25°C.
Results
Number of Ca
2+ ions bound to CaM and the variants We conducted LC-ESI-MS experiments to clarify the number of Ca 2+ ions bound to CaM and its variants. The results are shown in Figure 2 . The protein sample was passed through a reverse phase column with a mobile phase solvent containing 10 μM Ca
2+
. Thus, the results obtained here suggest the number of Ca 2+ ions bound to CaM and its variants in the presence of 10 μM free Ca 2+ . The peaks appearing at different retention times were subsequently subjected to ESI-MS analyses. For all samples, the LC peaks in the ESI-MS spectra at a retention time of approximately 10.6 min
show [protein +4Ca-nH]
(n-8)-ion. Another peak for CCMΔ5-7 appearing at a later retention time shows [variant + 2Ca-nH]
(n-4)-and [variant + 3Ca-nH]
(n-6)-
. When the two peaks were observed in the LC-MS chromatogram, it was found that the former peak was related to the CaM (or variant) with a larger number of Ca 2+ ions. Ca
2+
-binding to CaM (or variants) is tight and the on-off exchange rate is thought to be slow enough to separate the 4Ca
-bound form from the species with smaller number of Ca 2+ ions. As shown in Figure 2 , the results clearly indicate that CCM0 and CCMΔ4 bind four Ca 2+ ions. In contrast, the LC elution pattern for CCMΔ5 has two peaks. The large fraction that eluted at 10.6 min in the LC experiment contained the 4Ca 2+ -bound form. The succeeding small peak in the LC experiment was related to 3Ca
-and 2Ca
2+ -bound forms. Thus, almost all CCMΔ5 molecules were in 4Ca 2+ -bound form but very few were in 3Ca 2+ -and 2Ca
-bound forms. Similar data for CCMΔ5, CCMΔ6, and CCMΔ7 show that they can still bind four Ca 2+ ions, although some of them become 3Ca
2+ -and 2Ca 2+ -bound states. The intensity of the LC elution peaks suggests that 82 and 76% of the molecules were in 4Ca 2+ -bound states for CCMΔ6 and CCMΔ7, respectively. Finally, the LC experiment for CCMΔ8 did not have an elution peak at ~10.6 min related to the 4Ca 2+ -bound form, and only had a peak at 11.1 min. The MS result of the elution peak at 11.1 min indicates that CCMΔ8, the shortest mutant in this study, does not bind the fourth Ca 2+ ion. Because CCMΔ8 only has three residues for the EF4 F-helix, it seems too short to form a stable helix. This is probably the reason why CCMΔ8 binds only three Ca 2+ ions.
Affinity of Ca
2+
Next, we measured the Ca 2+ -affinity of CaM and the variants. The results of the flow dialysis experiments with CaM and a series of variants are shown in Figure 3 . The results indicate that all of the variants are less sensitive than CCM0 to Ca 2+ ; all these variants bind at least three Ca 2+ ions.
Although very high Ca
2+ concentrations may have a tendency to lead to great ambiguity in the flow dialysis data, unclear results could be caused by the truncated EF4. Interestingly, EF3 can bind Ca 2+ in all variants, although it is coupled with EF4 to form the C-lobe.
These results seem to be inconsistent with those obtained by LC-ESI-MS, but it is possible that the difference was caused by different salt conditions: flow dialysis was performed with a buffer containing 0.1 M NaCl, but LC-ESI-MS was carried out without salt due to experimental limitation. Practically, it had been reported that Ca
2+
-binding of CaM depends on the ion strength of the sample solution 22 . We tried to estimate the Ca 2+ dissociation constants of intact CaM and its variants. The estimated values are summarized in Table 1 . Because Ca 2+ -binding occurs in equilibrium, it was thought that four Ca 2+ were bound to the proteins, except for CCMΔ8. For all variants except for CCMΔ8, three of four EF hand sites apparently showed similar Ca 2+ -affinity and the remaining one site, probably EF4, had weaker affinity for Ca
. Although the curve fitting was rough because of a small number of data points for the variants, we can interpret the results qualitatively. The data suggest that the truncation destabilizes EF4 and decreases its Ca 2+ -affinity, which affects the Ca 2+ -affinity of EF3 in the C-lobe, and as a result, three of the four EF hand sites (EF1-3) develop similar Ca 2+ -affinity.
CD experiments
The global conformation and Ca 2+ -induced conformational changes in CaM and its variants were monitored using CD. The CD spectra of CaM and its deletion mutants in the absence and presence of Ca 2+ are shown in Figure 4 . The spectra of apo and Ca 2+ -bound CCM0 were greatly different. Ca 2+ -induced conformational change caused this spectral difference for CCM0. Although CCMΔ4 displayed a large spectral change similar to that observed for CCM0, a not so large spectral change was detected for CCMΔ5. Therefore, we can point out that deletion of M144 causes this drastic difference. Like CCMΔ5, the shorter mutants lacking 6, 7, and 8 residues at the C-terminus did not exhibit 
All constants were estimated by curve-fitting to Adair's equation using the data shown in Figure 3 . For CCMΔ8, three Ca 2+ binding sites were assumed.
significant spectral change induced by Ca
2+
-binding. This implies that further truncation of the C-terminal region increases insensitivity to Ca 2+ and relates to reduced Ca 2+ -induced structural changes.
Ca
2+ titration Extensive structural studies were carried out through NMR experiments. In this study, we employed CCMΔ4 and CCMΔ5 for the NMR analyses because their CD spectral change upon binding of four Ca 2+ ions is different: the result for CCMΔ4 was similar to that of CCM0, but CCMΔ5 was different. Thus, it was expected that a comparison of the NMR data with CCM0 would give fundamental information about the role of the C-terminal residues, especially for M144.
For the first NMR analysis, we demonstrated one dimensional 1 H-NMR experiments to clarify the Ca 2+ -binding order among the four EF hands in CaM and its variants. Figure 5 indicates stacked plots of the down field amide region in one-dimensional 1 H-NMR spectra of CCMΔ4 and CCMΔ5 through the Ca 2+ -titration. In the data for CCMΔ4, peaks of G25 and G61 in the apoform decreased in intensity with increasing Ca 2+ concentration. These two peaks disappeared around [Ca 2+ ]/[CCMΔ4] = 2. Alongside the disappearance, a new peak appeared at 10.67 ppm, which was the overlapped resonances of G25, G61, and G98 in the Ca 2+ -bound form. Peaks of G25, G61, and G98 are good probes of EF1, 2, and 3, respectively. Thus, the NMR spectral change indicates that EF1, 2, and 3 have similar Ca 2+ affinity. At very high concentration of Ca 2+ , an additional peak corresponding to G134 involved in EF4 appeared at slightly higher field than that of the overlapped three Gly's peaks. Interestingly, the peak of N137 located in EF4 appeared in the two-step manner with increasing concentration of Ca 2+ . At lower Ca 2+ concentration, the peak of N137 in the Ca 2+ -bound form appeared at 9.54 ppm, but this peak disappeared at very high Ca 2+ concentration. Finally, a new N137 peak appeared at 9.48 ppm. Similar two-step spectral change was observed for I27 appearing at 9.91 and 9.82 ppm. This spectral change was even observed at much higher Ca
2+
-concentration. The spectral change strongly suggests that conformational transition in both lobes of CCMΔ4 induced by Ca 2+ -binding is not achieved in a simple twostate exchange.
The spectral change of CCMΔ5 was more complicated. It was hard to assign which sites showed higher or lower Ca 2+ affinity. Split peaks were observed for I27, I100, and N137 at higher Ca 2+ concentration, suggesting that both the N-and C-domain of CCMΔ5 in the presence of Ca 2+ are not in a single conformation. Such structural heterogeneity makes it difficult to analyze spectral change in detail. Figure 6 . Several peaks observed in the NMR spectrum of apo-CCM0 disappeared within that of apo-CCMΔ4. The missing peaks included G98, A102, T117, D131, V136, and N137, all of which are located in the Clobe. Although the deletion was performed at EF4, the fourresidue truncation induced a global conformational change in the whole C-lobe, that is, both EF3 and EF4 were affected. These results seem to be reasonable because EF3 and EF4 form a globular domain. In contrast, the peaks that resonated from the residues in the N-lobe of apo-CCMΔ4 appeared at chemical shift positions identical to those observed in the spectrum of apo-CCM0. The four-residue deletion at the C-terminus induces structural changes at the C-lobe, but not at the N-lobe. The NMR spectra of apo-CCMΔ4 and apo-CCMΔ5 were very similar, suggesting that their conformation is very similar.
The 1 H-15 N HSQC spectra of CaM and its variants in the presence of excess Ca 2+ are shown in Figure 7 . The samples were expected to be in Ca 2+ -saturated forms in this condition. The NMR spectra of all samples were changed by the addition of Ca 2+ . Therefore, the results clearly suggest that binding of Ca 2+ to CCMΔ4 and CCMΔ5 induces conformational changes. The spectrum of Ca
-bound CCMΔ4 was very close to that of Ca 2+ -bound CCM0. Thus, the fourresidue truncation does not disturb the overall structure of CaM. Surprisingly, I130, V136, and N137, which belong to EF4, still resonated at proper chemical shifts. However, the residues, such as F141, which are located in the F-helix of EF4 in Ca 2+ -bound CCMΔ4, disappeared. The NMR data regarding EF4 in Ca
-bound CCMΔ4 suggests that only the F-helix is destabilized. Unlike the residues forming EF4, all the residues forming EF3, for example, Ile100, Ala102, and G113 ( Figure 7B ) were observed at their proper chemical shifts. Unlike apo-form, the entire EF3 site keeps its native conformation in the Ca 2+ -bound CCMΔ4, indicating that the disorder in EF4 F-helix does not affect the structure of EF3. This finding is completely different to that observed for apo-CCMΔ4, suggesting that Ca 2+ binding may enhance the structural stability of the C-lobe.
In contrast to CCMΔ4, the NMR spectrum of Ca 2+ -bound CCMΔ5 was largely different from that of Ca 2+ -bound CCM0. Some peaks became broad or weak, others were missing, and some new peaks appeared in the central region of the 1 H-15 N HSQC spectra. Therefore, the structure of Ca 2+ -bound CCMΔ5 is heterogeneous. It is noteworthy that the residues located in the N-lobe were also affected. For example, peak A57 was missing, and peak G33 became very weak. Therefore, it can be concluded that the 5-residue truncation introduced at the C-terminus disturbed the conformation of both lobes of CCMΔ5 in the presence of Ca
. This is totally different from the results obtained for CCMΔ4. The fifth residue from the C-terminus (M144) is the key for preserving the overall structure of Ca 2+ -bound CaM, although it does not play a critical role in the apo form.
The downfield-shifted I27, I100, and N137 peaks of Ca 2+ -bound CCMΔ5 became weak, broad, and/or duplicated ( Figure 8) . The results are completely dissimilar to those of CCM0 and CCMΔ4. The spectrum strongly suggests that Ca 2+ -bound CCMΔ5 is in conformational equilibrium, whereas Ca 2+ -bound CCMΔ4 has a relatively stable conformation. 1 
H-13 C HSQC of Met residues
To simplify the NMR spectra and to obtain side chain structural information, we focused on the Met side chain signals of CaM. The structural changes caused by binding of Ca 2+ and/or a target were monitored by 1 H-13 C HSQC of 7, 8 . Hence, we focused on the Met residues. Another motivation to monitor the Met methyl groups is due to the simplicity of NMR measurements. Generally, the methyl group shows high sensitivity and gives a narrow line shape in 1 H-13 C correlation experiments because of the number of attached protons and their rotation. Thus, methyl groups are adequately sensitive probes for NMR studies. Furthermore, in the case of Met, the carbon atom of the methyl group is attached to a sulfur atom. Thus, spin decoupling to eliminate 1 J CC coupling by using constant time or band-selective pulses is unnecessary during the 13 C evolution period. Hence, the methyl groups of the nine Met residues have been utilized as powerful practical probes in NMR studies on CaM 23 . In this study, a chemically synthesized 26 -bound, and skMLCKp-complex forms 24 . The 1 H-13 C HSQC results for CCM0, CCMΔ4, and CCMΔ5 are shown in Figure 9 . All the resonance assignments for variants displayed in panels D-I are according to a comparison with the spectra for CCM0. The results for the Ca 2+ -free forms are shown in panels A, D, and G. It is clear that the peaks that resonated from the residues in Ca 2+ -free N-lobe were not affected by the truncation of four or five residues at the C-terminus, indicating that this deletion does not affect the structure of the N-lobe in the absence of Ca
2+
. These results are consistent with those of the 1 H-15 N HSQC. Unlike the Met residues in the N-lobe, the peaks of M109, M124, and M144 in the C-lobe of CCMΔ4 and CCMΔ5 were shifted by the truncation. Thus, the conformation of the Ca 2+ -free C-lobe of the variants is different from that of CCM0. These findings are also consistent with the abovementioned results for 1 H-15 N HSQC. The spectra of the Ca
-bound forms of CCM0, CCMΔ4, and CCMΔ5 are shown in panels B, E, and H of Figure 9 , respectively. In contrast to the Ca 2+ -free forms, Ca 2+ -bound CCMΔ4 and CCMΔ5 displayed different spectra. In the Clobe of Ca
-bound CCMΔ4, the peaks of M109 and M124 in EF3 appeared at almost identical chemical shift positions compared with those of Ca 2+ -bound CCM0, suggesting that their local magnetic environment is similar. The peak of M144 in Ca 2+ -bound CCMΔ4 resonated at higher field in the 13 C dimension compared with that of CCM0. Thus, in the presence of Ca 2+ , the conformation of EF4 in the C-lobe of CCMΔ4 is different from that of CCM0, but EF3 maintains its original conformation. This result is also consistent with that of 1 H-15 N HSQC. The spectral change detected in Ca 2+ -bound CCMΔ5 was greater than that detected in Ca 2+ -bound CCMΔ4. The peaks of six Met residues, except M124, could be assigned on the basis of their chemical shift values. However, eight peaks remained unassigned, although CCMΔ5 has only seven Met residues. This result strongly suggests that the Ca 2+ -bound CCMΔ5 has multiple conformations. Taken together with the results of the 1 H-15 N HSQC, we conclude that both lobes of Ca 2+ -saturated CCMΔ5 exist in multiple conformations. The conformational equilibrium is expected to be slow in the NMR time scale because of their sharp line shape.
The NMR spectra of the complexes are shown in panels C, F, and I of Figure 9 . The spectrum of CCMΔ4 was very similar to that of CCM0. This indicates that both lobes of Ca 2+ -bound CCMΔ4 simultaneously interact with skMLCKp and that the conformation of Ca
-bound CCMΔ4 is similar to that of Ca 2+ -bound CCM0. Thus, the four-residue truncation has very limited effects on forming the skMLCKp-bound complex. Similar to CCM0 and CCMΔ4, CCMΔ5 gave a clear NMR spectrum with seven peaks-corresponding to the exact number of Met residues in CCMΔ5. Consequently, complexed CCMΔ5 has a stable single conformation as opposed to the Ca 2+ -bound form without skMLCKp, which presents multiple conformations. Most noticeably, the results indicate that binding of the target stabilizes the conformation of Ca 2+ -bound CCMΔ5 resembling that of Ca 2+ -bound CCM0 in the complex. Interestingly, the chemical shift position of M124 was shifted, and approached that of M144 of CCM0 in the complex. The peak of M109 was shifted to higher field in both 1 H and 13 C dimensions.
113 Cd-NMR Based on the results of flow dialysis, LC-MS, and NMR titration experiments, the binding of the fourth Ca 2+ ion to CCMΔ4 and CCMΔ5 should be weak. As the final NMR experiments, we tried one-dimensional 113 Cd-NMR to monitor the metal binding directly. 113 Cd is one of the NMR active nuclei, and it had been used as a probe in CaM studies [25] [26] [27] [28] [29] [30] [31] . Because the EF-hand motif can bind Cd 2+ in the same manner as it binds Ca 2+ , CaM binds four Cd 2+ ions. It has been reported that target-free 113 Cd-saturated CaM gives rise to two peaks resonating from two EF3-and EF4-bound 113 Cd 2+ ions. The other two 113 Cd ions that were bound to the N-lobe do not give observable peaks because of the exchange line broadening between bound-and free-states. Additionally, it has been reported that Cd 2+ -saturated CaM can bind CaM targets and that four clear peaks are observed for the complex with skMLCKp.
The results of the 113 Cd-NMR experiments with CCM0, CCMΔ4, and CCMΔ5 are shown in Figure 10 ; data obtained in the absence of skMLCKp are shown on the left side. In the absence of the peptide, CCMΔ4 gave two peaks in the 113 Cd-NMR spectrum, indicating that the C-lobe of CCMΔ4 can still bind two ions. This is consistent with the LC-MS results. However, the peak that appeared at higher field had some minor weak peaks at the bottom, suggesting the existence of conformational multiplicity in this EF-hand site. Unlike CCMΔ4, Cd 2+ -saturated CCMΔ5 gave only one peak in the Cd-NMR spectrum in the absence of the peptide ( Figure 10E ).
The data shown on the right-hand side of Figure 10 are 113 Cd-NMR spectra of the complexes. As previously reported, CCM0 gave four clear peaks in the presence of skMLCKp. Like CCM0, CCMΔ4 gave four peaks in the 113 Cd-NMR spectrum. The chemical shift positions of these four peaks were almost identical to those observed for CCM0 in the complex. Only one peak at the lowest field was slightly shifted to downfield, compared to the spectrum of CCM0. This result certainly indicates that Cd 2+ -saturated CCMΔ4 can bind the peptide, forming a complex with a stable single conformation. Furthermore, the similarity of the spectra of CCM0 and CCMΔ4 in the peptide bound forms probably indicates the similarity of their conformations. On the other hand, Cd
-saturated CCMΔ5 in the presence of skMLCKp exhibited a unique spectrum in which two intense and two small peaks were observed. The chemical shifts were similar to those for CCM0, with the exception of the strong peak at the lowest field. This spectrum indicates that CCMΔ5 allows the binding of four Ca 2+ ions, and that it binds skMLCKp through the two lobes. However, two of the four peaks were weak and slightly broad, which strongly suggests that the binding manner of Cd 2+ to two of the EFhand sites of CCMΔ5 in the complex is totally different from that of CCM0 and CCMΔ4. It was found that the spectrum was unchanged on addition of excess skMLCKp. Furthermore, the spectral change was undetectable at different sample temperatures ranging from 10 to 37°C. Thus, the conformation is relatively stable. This interpretation is supported by the results of 1 H-
13
C HSQC of CCMΔ5 in the complex.
The 113 Cd-NMR data presented here provide tentative resonance assignments. In the absence of skMLCKp, a peak resonating at higher field is mainly affected by the Cterminal truncation of CaM. Thus, this resonance would be assigned to the Cd 2+ ion bound to EF4. The peak at the lower field would be assigned to the Cd 2+ ion bound to EF3. Assignment of the four peaks in the spectra to the samples in the complex with skMLCKp is exceedingly difficult. In the CCMΔ5 spectrum, two small peaks were detected. With moderate interpretation, these could be assigned to the two Cd 2+ ions bound to the C-lobe. However, these assignments are inconsistent with the results reported in some previous studies 24, 25, 30 . In the previous studies, the experiments had been performed using a truncated fragment spanning EF1 and EF3. The isolated EF3 of the mutant, which may cause unexpected dimerization at high concentrations in the solution 32, 33 , was probably one of the reasons for the previous unreliable assignments.
Target activation
Finally, we measured the biological activity of intact CaM and its variants (Figure 11 ). In the biochemical experiments, we employed CN as a CaM target. CCMΔ4 and CCMΔ5 seemed to activate CN to the same extent as intact CaM. The apparent affinity for CN decreased with an increase in the deletion at the C-terminal. Interestingly, CCMΔ4 showed slightly lower activation compared with intact CaM, suggesting that M144 may have a specific role in CN activation. Even CCMΔ6 retained ability to activate CN. This is also an interesting finding, because it lacks the two Met residues, M144 and M145, contributing to the target binding 7, 8 . In contrast, CCMΔ7 slightly activated CN, and CCMΔ8 lost the ability of target activation.
Discussion
In this study, we prepared a series of C-terminal deletion mutants of CaM and investigated their structural and functional characteristics. We found that truncation of C-terminal residues largely changed the properties of CaM, suggesting that the C-terminal residues of CaM play important roles in its structure and function. 
Structural stability
In the absence of Ca 2+ , interaction between T146 and E82 is essential for stabilization of the C-lobe 9,34 . The present 1 H-15 N HSQC results of apo-CCMΔ4 and apo-CCMΔ5, where both are lacking T146, suggested that their C-lobes become unstable, although the N-lobes are in the proper conformation. The stability of their N-lobes may be retained by the interaction between the N-lobes and the central helix as reported previously [34] [35] [36] . It has been reported that oxidation of M144 and M145 disturbs the structure of CaM, suggesting that these residues are responsible for structural stability 37, 38 . The results of present study provided further evidence that the effect of the two Met residues on the structural stability is limited to the C-lobe in the absence of Ca 2+ . In the presence of Ca 2+ , CCMΔ4 is in a stable conformation, except for the truncated F-helix of EF4. Unlike CCMΔ4, a large part of CCMΔ5 is destabilized. The results suggest that the F-helix requires a minimum of seven residues (Y 138 EEFVQM
144
) to form a suitable Ca 2+ -bound EFhand structure in the absence of its targets.
The results of our CD experiments suggest that truncation of five or more residues suppresses large Ca 2+ -induced conformational changes, implying that CCMΔ5, CCMΔ6, CCMΔ7, and CCMΔ8 have less sensitivity for Ca 2+ binding. We assume that this insensitivity is due to the structural instability caused by the truncation. In fact, the 1 H-15 N HSQC spectrum of CCMΔ8, the shortest variant used in this study, shows a largely unstructured conformation (data not shown).
The peaks of I27, I100, and N137, which appeared down field in 1 H dimension in 1 H-15 N HSQC upon Ca 2+ binding, are good indicators of the formation of antiparallel β-sheets connecting the two EF-hand loops in the two lobes. In the case of CCMΔ4, these signals were observed at their original positions, indicating that the four-residue truncation at the C-terminus does not affect the entire structure of CaM. However, Ca
2+
-bound CCMΔ5 gives multiple peaks for I100 and N137 and a weak peak for I27. This also indicates that the five-residue (M
144
MTAK
148
) truncation at the C-terminus destabilizes not only the C-lobe, but also the N-lobe. Although the two lobes of the intact CaM are structurally independent, the five-residue truncation appears to affect the entire Ca
2+
-bound molecule. The findings prompted us to propose a hypothesis that M144 is a key factor in inter-domain communication in the Ca 2+ -bound state. Such inter-domain coupling and/or communication are reported in previous papers [34] [35] [36] 39 . A lack of M144 destabilizes the structure of the C-lobe, which might disturb the inter-domain couplings and result in destabilization of both the N-and C-lobes. This scenario may be supported by the results of 13 C-edited NOESY of Ca 2+ -bound selectively labeled-[
13 C]-methyl-Met samples in the absence of targets in which many NOE cross peaks are observed for CCMΔ4, but not for CCMΔ5 (data not shown). Further NMR study is now in progress.
Conformation of the complexes
In the current study, CN and skMLCKp were used as CaM targets. Both targets bind CaM through the 1-8-14 motif 7, 40 . These numbers correspond to positions of the hydrophobic residues that are located in the CaM-binding region of the enzymes and are responsible for the binding to CaM. In the classical 1-8-14 binding model, both M144 and M145 in Ca 2+ -bound CaM interact with a hydrophobic residue situated in the target peptide at position 1. Mutagenesis experiments have shown that replacement of one of these Met residues by Leu does not affect target activation for CN 41 . Accordingly, it is believed that the presence of at least one of these Met residues, that is, M144 or M145, is sufficient for activation of the target through the 1-8-14 motif. In fact, the NMR studies revealed that CCMΔ4, which lacks M145, forms a complex with the target. The two lobes of CCMΔ4 interact with the skMLCK peptide in a complex structure that is expected to be similar to that of CCM0. This suggests that the four C-terminal residues, including M145, do not play a significant role in the formation of complexes with a 1-8-14 binding motif. We unexpectedly found that CCMΔ5, which lacks both M144 and M145, binds four Ca 2+ ions and activates CN. It is thought that binding of the target to the C-lobe immobilizes the truncated last helix, and therefore, EF4 gains some affinity for Ca
2+
. However, the 113 Cd-NMR results suggest that the metal binding mode of two of the four EF-hand sites of skMLCKpbound CCMΔ5 is completely different from that of CCM0 because the 113 Cd-NMR spectrum showed two sharp strong peaks and two weak peaks. Since the C-terminal residues are truncated, the weak peaks are likely to be 113 
Cd
2+ ions bound to the C-lobe. The strong peak at the lowest chemical shift was moved to lower field compared to that of CCM0. When we assign the two strong peaks to the 113 Cd 2+ ions bound to the N-lobe, the structure of the N-lobe in the complex is expected to be slightly different from that of CCM0. In addition, it is interesting to note that the chemical shift of M124 methyl resonance in 1 H-13 C HSQC for CCMΔ5 in the complex was very close to that of M144 for CCM0. This suggests that the M124 of CCMΔ5 may replace the role of M144 in interacting with the target residue at position 1. Further NMR characterization of Ca 2+ -saturated CCMΔ5 in the presence of skMLCKp is now in progress.
Target activation
We investigated the capacity of the different CaM variants to activate CN and found that CCMΔ4 exhibits a decreased capacity for target activation. Further deletion of the Cterminal residues decreased the apparent affinity for CN to recover the estimated maximum activity of native CaM, and CCMΔ8 almost completely lost its ability to activate the target because of its incomplete Ca 2+ -bound conformation. Unpredictably, CCMΔ6 displayed relatively higher ability for CN activation, probably meaning that the C-lobe of Ca 2+ -saturated CCMΔ6, lacking both M144 and M145, still has some ability to interact with CN. The present results might seem inconsistent with the previous mutagenesis experiments, suggesting that at least one of these two Met residues is necessary for gaining the activity of CN 41 . CCMΔ7 showed lower ability to activate CN. Thus, the seventh residue, V142, from the C-terminus might play a key role for CN activation in CCMΔ6. At present, two possible roles could be proposed for V142 in CCMΔ6. One is that V142 contributes to stabilize the overall conformation of the C-lobe via the interaction with other residues of CCMΔ6. The other is that the hydrophobic side chain of V142 directly binds the target after reorientation of the short F-helix of EF4, although V142 is not involved into target interaction in the CaM-skMLCK peptide complex 7 
.
As discussed in the previous section, M144 would play a key role in stabilizing the C-terminal helix and the overall conformation of CaM. Moreover, the stable C-terminal α-helix may contribute to determining the apparent affinity for CN. Apparently, M144 in CCMΔ4 has a role in decreasing the activity of CN. This obvious inhibitory effect of M144 may be caused by the structural rearrangements required to achieve a stable conformation (Figure 8 ). Previous Met to Leu single-mutation experiments have shown that M144L and M145L do not play a significant role in the activation of smMLCK, CN, or phosphodiesterase. However, the double mutant [M144R, M145L]-CaM exhibits very low phosphodiesterase activity 41, 42 . Our present results show that M144 plays a key role in stabilizing the C-terminal α-helix and the overall conformation of Ca 2+ -bound CaM that is essential for its function.
